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Two cDNA clones, designated ERDll and ERD13, isolated from a cDNA library from Arubidopsis thaituna L. plants dehydrated for 1 h were 
sequenced and characterized. These clones encoded polypeptides that were homologous to glutathione S-transferases of tobacco and maize. 
Genomic Southern hybridization suggested that there are a few additional genes showing high similarity to the ERDll gene 3n the Arubidopsis 
genome. The expression of the genes for ERDl I and ERD13 was induced by dehydration, but was not affected by the application of four plant 
growth regulators~ 2,~c~orophenoxya~~c acid ~~~l~opu~c~ abscisic acid, or gibberehic acid. 
Arab&p& thalinna L.; Dehydration-inducible gene; Glutathione Stransferase (GST) 
1, INTROD~~IGN 
Glutathione Stransferases (CSTs, EC 2.5.1.18) are 
enzymes that catalyze the conjugation of glutathione 
with a large number of hydrophobic, electrophilic com- 
pounds, GSTs have been identified in many eukaryotes, 
including plants [12]. The best-known function of GSTs 
is the detoxification of xenobiotic compounds. In in- 
sects, GSTs are reported to have an important role in 
the acquired resistance to insecticides [3,4]. In mam- 
mals, the cytochrome P-450 system and GSTs are 
reported to play pivotal roles in dete~~ng the 
formation or persistence of cytotaxic or ~~inoge~i~ 
intermediates that arise during the metabolism of 
xenobiotics [5,6]; and in plants, maize GSTs (GST I 
and II) are reported to detoxify some herbicides [7]. 
while several other functions of GSTs have been postu- 
lated [S-lO]l the precise physiolo~~l roles remain un- 
known. 
We investigated the early responses of plants to 
dehydration at the molecular level, and isolated 27 
cDNA clones whose gene-expression was induced by 
dehydration for 1 h in Arabidopsis thaliana. These 
clones were classified into 16 groups (ERD clones: 
*Corresponding authors. Pax: (81) (298) 36 9060. 
The nucleotide sequence data reported in this paper will appear in the 
DDBJ, EMBL, and GenBank Nucleotide Sequence Databases with 
the foBowing accession numbers Dl7672 and Df7673. 
cDNA clones gene~xpression for which are early 
responsive to dehydration-stress) based on Southern 
blot hybridization [l 11. We report on two of these 
clones, ERDl 1 and ERD13, which may correspond to 
cDNAs for glutathione S-transferases, and we discuss 
the possible function of these dehy~a~on-inducible 
GSTs. 
2. MATERIALS AND METHODS 
One set of seeds of A. ~~~~ L. (Co~~bia ecoiype) were sown on 
vetmiculite beds and grown at 22°C for 4-5 weeks under snafus 
iilumination of 2,500 lux. Another set of seeds of A. rhaliam were 
surface-sterilized with a solution of sodium hypochlorite (1% w/v, 
WAKO, Osaka, Japan) for 15 min, rinsed 3 times with sterilized 
distilled water, sown on GM agar (0.8% w/v, Bacto-agar, Difco, De- 
troit, MI) medium [12], and were then grown for 4-5 weeks. 
2.2. is&&m ami b~br~~atio~ of flNA and R.MA 
RNA and genomic DNA were isolated from whole plants of A. 
thaiiana, which were harvestad prior to bolting, as described earlier 
[13]. cDNA fragments of ERDll and ERD13 were labelled by ran- 
dom priming with r*P]dCTP (110 TBq/mmol, Amersham, Aylesbury, 
UK) using a kit from Boehringer Mannheim (Mannheim, Germany) 
and were used for hybridixation. Hyb~d~ation of DNA and RNA 
was performed as described earlier fl33. 
2.3. &VA sequencing A& sequence analysis 
The sequencing of the cDNAs was determined using a DNA 
sequencer (Model 373A, ABJ, San Jose, CA). Nucleotide sequences 
and deduced amino acid sequences were analyzed using the GENE- 
TYX software system (Software Development Co., Tokyo, 
Japan). 
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2.4. Dehydration and treatment with plant growth regulators 
Whole plants of A. thaliana grown on vermiculite beds were har- 
vested, washed gently, and subjected to dehydration on chromatogra- 
phy paper (3MM, Whatman, Maidstone, England). Whole plants of 
A. thaliana axenically grown on GM agar medium were transferred 
to Petri dishes (diameter 9 cm, Falcon, Lincoln Park, NJ) that con- 
tained 20 ml of liquid GM medium with either lOA M 2,4_dichlorophe- 
noxyacetic acid (2,4-D), 6benzylaminopurine (BA), abscisic acid 
(ABA), or gibberellic acid (GA,), and were then incubated for 10 h. 
3. RESULTS AND DISCUSSION 
3.1. Sequence analysis of ERDll and ElW13 
Fig. 1A and B show the nucleotide sequences and the 
corresponding amino acid sequences of cDNA clones 
for ERDI 1 and ERDI 3, respectively. ERDI 1 cDNA 
consists of 883-bp nucleotides encoding a polypeptide 
of 208 amino acids having a predicted molecular weight 
of 23,546. ERD13 cDNA consists of 862-bp nucleotides 
encoding a polypeptide of 215 amino acids having a 
predicted molecular weight of 24,230. ERDII cDNA 
contains the polyadenylation consensus sequence, 
AATAAA, while ERD 13 cDNA contains AATAAG. 
The deduced amino acid sequences of ERDl 1 and 
ERD13 were compared to those compiled in databases 
and were found to exhibit significant homologies to 
those of GSTs in a variety of eukaryotes. ERDl 1 pro- 
tein is most closely related (56.5%) to the tobacco parB 
protein from the database sequence, which is the prod- 
uct of an auxin-inducible gene [14]. The recombinant 
parB protein expressed in E. coli was shown to possess 
GST activity [ 141. ERDI 3 protein is most closely related 
(44.1%) to the maize GTS III sequence [ 151. ERDI 1 and 
ERD13 are 39.6% identical at the amino acid level. The 
primary sequences of these four GSTs are aligned in 
Fig. 1C. Common amino acids (indicated by asterisks 
in Fig. IC) are distributed throughout these four se- 
quences. The well-conserved region of amino acids 48- 
76 corresponds to the possible functional domain for 
the enzymatic activity of GSTs suggested by Takahashi 
and Nagata [14]. 
3.2. Identljication of genes for ERDll and ERD13 
Genomic Southern blot hybridization was carried out 
to identify GST genes in the Arabidopsis genome (Fig. 
2). ERDI 1 cDNA has one internal Hind111 restriction 
site, two EcoRI sites, and no internal restriction site for 
MI, XbaI, and BamHI restriction enzymes. We ob- 
served a few faint bands in addition to the intense bands 
in every lane (Fig. 2A), indicating that there are a few 
genes that are highly similar to the ERDll gene. 
ERD13 cDNA has one restriction site for Hind111 and 
none for MI, XbaI, BamHI, and EcoRI enzymes. Since 
only distinct bands were observed (Fig. 2B), there ap- 
peared to be no genes that are highly similar to the 
ERD13 gene. 
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Fig. 1. Nucleotide and deduced amino acid sequences of cDNAs for 
ERDll (A) and ERD13 (B). The nucleotide sequences contain the 
coding regions and the 5’- and 3’-non-coding regions. The amino acid 
sequences of the putative coding regions are shown beneath the nucle- 
otide sequences. The conserved polyadenylation sequence 
(AATAAA) and the similar sequence (AATAAG) are underlined. (C) 
Comparison of the deduced amino acid sequences of ERDll and 
ERD13, the maize GST III [15], and the tobacco parB [14]. Dots 
represent amino acid residues identical to those for ERDl 1 and dashes 
indicate gaps introduced to maximize alignment. Asterisks represent 
amino acid residues common to the four sequences. 
3.3. Expression of the genes for ERDll and ERD13 
Northern blot analysis was used to estimate the ex- 
pression of genes for ERD 11 and ERD 13. Gene-expres- 
sion of both ERD 11 and ERD 13 was induced by dehy- 
dration of plants for 1 h, and the maximum levels of 
accumulation of mRNAs were observed after 10 h of 
dehydration (Fig. 3A). We tested the effects of four 
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Fig, 2. Southern blot analysis ofERDl1 and ERD13 ganomic sequences. Genomic DNA was digested with PrfI (P), X&I (X), HindI (II), &r&II 
(B), and &oRI (E); and was than fractionated through 0.7% agarose gels and ~ansfe~~ to nitr~ll~o~ membranes. Filters were hybrids 
with 3zP-labelled cDNA fragments of ERDl1 (left) and ERDi3 (right). The sizes of DNA markers are indicated in kbp. 
plant growth regulators on the expression of genes for 
ERDI 1 and ERD13, since the expression of parB gene 
was reported to be inducible by auxin [14]. In the case 
of ERDl 1, no induction was observed with any of the 
plant growth regulators tested (Fig, 3B). In contrast, the 
expression of the gene for ERD13 was induced when 
axenic whole plants, grown on agar medium, were incu- 
bated to liquid medium, without regard to the absence 
or presence of plant growth regulators (Fig. 3B). While 
the reason for this induction of gene-expression for 
ERD13 is unknown, the ERDl3-gene-expression ap- 
peared to be more sensitive to the change of medium 
than the ERDl l-gene. No auxin-specific induction was 
observed in the expression of either ERD gene. The 
finding that these genes are inducible by dehydration 
and non-inducible by auxin indicates that their expres- 
sion is unique among the GST genes reported. The 
expression of GST genes has been observed in senescent 
flower petals of carnations [16], and has been shown to 
be induced by ethylene in both caranation and Arabi- 
dopsis [17,1 S]. Both the developmental expression and 
the effect of ethylene on the expression of the genes for 
ERDl 1 and ERD13 remain to be determined, 
The functions of ERDll and ERD13 products in 
dehydrated plants remain unclear. One possible role of 
these proteins is the detox~~ation of toxic compo~ds 
formed during dehydration-stress. We isolated a cDNA 
clone for soluble epoxide hydrolase in A. t~~~~n~ whose 
gene-expression was slightly induced by dehydrations 
stress (manuscript in preparation). In mammals, epox- 
ide hydrolases are known to be involved in detoxifica- 
tion of xenobioti~s in addition to the cyt~~ome P-450 
system and GSTs [5]. Future investigations hould use 
antisense techniques to better understand these func- 
tions. 
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Fig. 3. Northern blot analysis of ERD 11 and ERD13 gene-expression i  dehydrated plants (A) and growth regulator treated plants (B) of A. rhuliumz. 
(A) One-month-old whole plants of A. thaliana were dehydrated for 0, 1,2, and 10 h. Total RNA was extracted from these plants, fractionated 
on 1.2% agarose gels, blotted onto nitrocellulose membranes, and probed with 32P-labelled cDNA fragments of ERDll and ERD13. Ten pg of 
total RNA was loaded in each lane. (B) One-month-old whole plants of A. thaliunu, grown axenically, (1) were transferred to liquid GM medium 
without (2) or with 10m4 M 2,4-D (3), BA (4), ABA (5), or GA3 (6), and incubated for 10 h. Total RNA was extracted from these plants, fractionated 
on 1.2% agarose gels, blotted onto nitrocellulose membranes, and probed with 32P-labelled cDNA fragments of ERDll and ERD13. Ten pg of 
total RNA was loaded in each lane. 
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